Introduction {#sec1}
============

Bladder cancer (BC) is one of the most common cancers of the urogenital system. Over 20,000 new cases of BC were identified in Japan in 2015, and approximately over 8,000 deaths from BC were anticipated. BC can be classified into 2 types, i.e., muscle-invasive BC (MIBC) and non-muscle-invasive BC (NMIBC). NMIBC can be managed with transurethral resection of the bladder tumor and intravesical chemotherapy and/or immunotherapy.[@bib1] Compared with NMIBC, MIBC is a highly aggressive disease. For patients with NMIBC, the issue is to prevent tumor recurrence, which occurs in 50%--90% of the patients within 5 years, and, most importantly, disease progression to muscle invasion, which occurs in up to 20% of patients.[@bib2] In particular, carcinoma *in situ* (CIS) is regarded as a problem. It is classified as NMIBC, but its recurrence rate is as high as 90% and treatment for it, bladder preservation, is ineffective. On the other hand, patients who are diagnosed as having MIBC also have an unfavorable prognosis, with a 5-year overall and cancer-specific survival period estimated to be approximately 60% because of no effective drug.[@bib3], [@bib4] Thus, there is a need to identify the driver genes and to develop a more effective therapeutic strategy for BC.

MicroRNAs (miRNAs) are endogenous small non-coding RNA molecules (19--22 nt in length) that regulate protein-coding gene expression by binding to the 3′ UTR of mRNAs. Increasing evidence suggests that miRNAs are aberrantly expressed in various human cancers and that they play significant roles in cancer initiation, development, and metastasis.[@bib5], [@bib6], [@bib7] miRNAs potently influence cellular activities through the regulation of extensive gene expression networks. Our team has been focusing on the studies for the development of RNA medicine targeting plural genes through RNAi by the replacement of tumor suppressor (TS)-miRNAs. miR-143 is one of the representative TS-miRNAs that is poorly expressed in a variety of cancers, including BC.[@bib8], [@bib9], [@bib10] miR-143 has been shown to act as a tumor suppressor in non-small-cell lung cancer,[@bib11] cervical cancer,[@bib12] prostate cancer,[@bib13] ovarian cancer,[@bib14] colon cancer,[@bib15] and leukemia[@bib16], [@bib17] and to silence not only K-RAS[@bib18] but also RAS-effector signal genes Erk and Akt.[@bib19] So far, we have been exploring the development of RNA medicine of miR-143 for RAS-driven cancers, because miR-143 perturbs K-RAS-signaling networks systematically.[@bib20]

The RAS gene, which is expressed as 3 isoforms, K-RAS, H-RAS, and N-RAS, is one of the most well-known oncogenes,[@bib21] and the frequency of mutations of both K-RAS and H-RAS has been reported to be almost 10% in BC.[@bib22] The contribution of the RAS gene to the pathogenesis of BC has already been reported,[@bib21], [@bib23] but the detailed mechanism has not been elucidated.

In this study, we examined the expression levels of RAS and miR-143 in human BC clinical samples, including some CISs, and we clarified the correlation between them. For the development of RNA medicine against RAS-driven cancers, we produced more than 100 chemically modified miR-143 derivatives. Among them, we found an RNase-resistant and potent miR-143 that was chemically modified only in the guide strand. By using this miR-143, we were able to unveil the networks of RAS-signaling pathways and the oncogenic roles of K-RAS and H-RAS in BC cells, and we showed the possibility that the novel synthetic miR-143 would be applied to early BC by intravesical infusion.

Results {#sec2}
=======

Expression of miR-143 Was Extremely Downregulated in Clinical Tumor Samples from BC Patients {#sec2.1}
--------------------------------------------------------------------------------------------

We first examined the expression levels of miR-143 in BC tumor and adjacent normal tissue samples from the same patient ([Table 1](#tbl1){ref-type="table"}). Totally, 20 cases were examined. The expression levels of miR-143 in the clinical tumor samples examined by real-time PCR were extremely downregulated compared with those in the adjacent normal tissues ([Figure 1](#fig1){ref-type="fig"}A). Since miR-143 silences K-RAS,[@bib24] the expression levels of total RAS, K-RAS, and H-RAS were evaluated by performing western blot analysis of the same clinical samples. In all cases tested, K-RAS and H-RAS protein expression levels were significantly increased in the BC tumors compared with those in the normal tissue samples ([Figure 1](#fig1){ref-type="fig"}B). Importantly, both K-RAS and H-RAS were upregulated in the tumor samples, and an inverse correlation was found between miR-143 and K-RAS or H-RAS ([Figure 1](#fig1){ref-type="fig"}C). On the other hand, a positive relation was found between H-RAS and K-RAS ([Figure 1](#fig1){ref-type="fig"}C). Also, dataset analysis of 1,314 samples of various BC showed that K-RAS mutation was in 86 cases (7%), H-RAS mutation was in 71 cases (5%), and N-RAS mutation was in 28 cases (2.1%) ([Figure S1](#mmc1){ref-type="supplementary-material"}A). These findings suggested that not only H-RAS but also K-RAS might play pivotal roles in the pathogenesis of BC and that their overexpression in the tumor samples was closely associated with the downregulation of miR-143.Table.1Clinicopathological Patient FeaturesCaseAgeSexSize (cm)GradeT StageCISmiR-143RASMeta181M23pTanoDU(−)275M23pT1noDU(−)373M23pT1noDU(−)460F21pT2noDU(−)580M23pT1noDU(−)683M1.52pT2noDU(−)776M2.52pT1yesDU(−)861M2.53pT2noDU(−)948F53pT2noDU(−)1052M33pT2yesDU(−)1175M1.51pTanoDU(−)1279F1.53pTayesDU(−)1360M11pTafairDU(−)1486M22pT1fairDU(−)1569M11pTafairDU(−)1666M33pT2yesDU(−)1777M11pTanoDU(−)1863M52pTanoDU(−)1968M11pTanoDU(−)2079F22pT1noDU(−)[^1]Figure 1Downregulated miR-143 in Clinical Bladder Cancer Samples and the Relationship between Expression of miR-143 and that of K-RAS and H-RAS in Bladder Cancer Cell Line 253J-BV(A) Relative expression levels of miR-143 in 20 clinical bladder cancer samples. (B) Total RAS, K-RAS, and H-RAS expressions in 20 clinical bladder cancer samples as determined by western blot analysis. Densitometric values of total RAS, K-RAS, and H-RAS with respect to GAPDH of each sample were calculated, and the values are shown as each normal sample was 1.0. (C) Correlation between miR-143 and K-RAS, miR-143 and H-RAS, and K-RAS and H-RAS in clinical bladder cancer samples. (D) The mRNA expression levels of each RAS isomer in 253J-BV cells. (E) Expression levels of miR-143, K-RAS, and H-RAS in 253J-BV and normal bladder HUCs. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

The Expression Levels of K-RAS and H-RAS Were Upregulated in miR-143-Downregulated Human BC 253J-BV Cells {#sec2.2}
---------------------------------------------------------------------------------------------------------

We examined the levels of miR-143 and RAS isoforms in human normal transitional human urothelial cells (HUCs) and in the BC 253J-BV cell line used in this study. As shown in [Figure 1](#fig1){ref-type="fig"}D, K-RAS was the major isomer (approximately 70%) as judged from the mRNA levels in 253J-BV cells. On the other hand, the expression level of miR-143 in 253J-BV cells was extremely downregulated compared with that in HUCs ([Figure 1](#fig1){ref-type="fig"}E). To the contrary, the expression levels of K-RAS and H-RAS were upregulated in 253J-BV cells compared with those in HUCs ([Figure 1](#fig1){ref-type="fig"}E), which was remarkable in the case of K-RAS.

Synthetic miR-143s Showed a Potent Growth-Suppressive Effect on BC Cells {#sec2.3}
------------------------------------------------------------------------

The structures of synthetic miR-143s (Syn-miR-143s) used in this study are shown in [Figure 2](#fig2){ref-type="fig"}A. Among them, miR-143\#12 that was chemically modified with fluorine, methoxy group, phosphorylation, de-oxythymidine, and phosphorothioate in the guide strand of miR-143\#1 was markedly stable in RNase-rich 10% fetal calf serum solution[@bib20] ([Figure S2](#mmc1){ref-type="supplementary-material"}A). First, we examined the growth-suppressive effect of Syn-miR-143s on 253J-BV cells to determine their anti-proliferative activity. Among them, miR-143\#12 was the most effective; the half-maximum inhibitory concentration (IC~50~) values of miR-143Am (as a standard miR-143), miR-143\#1, and miR-143\#12 were \>40, 16.1, and 7.9 nM, respectively ([Figure 2](#fig2){ref-type="fig"}B). The protein expression levels of total RAS (T-RAS) and RAS-related Erk and Akt were downregulated in the cells transfected with either miR-143Am or Syn-miR-143s at the concentrations of IC~50~ values ([Figure 2](#fig2){ref-type="fig"}C). Also, we found that the Syn-miR-143s decreased the mRNA and protein expression levels of the target genes in a dose-dependent manner ([Figure 2](#fig2){ref-type="fig"}D). These results revealed that Syn-miR-143s worked like miR-143 and that their growth-inhibitory effects were more potent than that effect of miR-143Am. Therefore, we focused on the Syn-miR-143s in subsequent experiments.Figure 2Anti-proliferative Effects of Syn-miR-143s on 253J-BV Bladder Cancer Cells(A) Double-stranded sequences of Syn-miR-143s (miR-143\#1 and \#12). (B) Cell viability at 72 h after transfection with each miR-143. Left, miR-143Am (IC~50~ \> 40 nM); middle, miR-143\#1 (IC~50~ = 16.1 nM); right, miR-143\#12 (IC~50~ = 7.9 nM). (C) Levels of RAS and RAS-related proteins at 72 h after transfection with each miR-143, as estimated by western blot analysis. (D) Expression levels of RAS and RAS-related proteins at 72 h after transfection with miR-143\#1 (5 and 20 nM) and miR-143\#12 (2, 5, and 10 nM). (E) Hoechst 33342 staining showed the typical apoptotic features, such as condensed chromatin and nuclear fragmentation indicated by the red arrows, in the Syn-miR-143-treated 253J-BV cells. (F) Levels of cleaved PARP proteins at 72 h after transfection with miR-143\#12 (5 and 10 nM). (G) The decrease in the levels of RAS and RAS-related proteins was reversed by co-treatment with antagomiR-143. Top, treatment with miR-143\#1; bottom, treatment with miR-143\#12. (H) Cell viability at 72 h after treatment with antagomiR-143 reversed the suppression of cell growth by each Syn- miR-143. Top, treatment with miR-143\#1; bottom, treatment with miR-143\#12.

Previously, we reported that the ectopic expression of Syn-miR-143s induced apoptosis.[@bib17] To confirm whether apoptosis was induced in miR-143-transfected BC cells, we performed Hoechst 33342 staining of the transfected 253J-BV cells. Morphologically, the apoptotic cells estimated by the characteristic findings of apoptosis, such as nuclear fragmentation and chromatin condensation, were frequently observed, especially in miR-143\#1- and \#12-transfected cells, as compared with their number among the control cells ([Figure 2](#fig2){ref-type="fig"}E). Also, the levels of cleaved PARP were increased in typical miR-143\#12-treated cells ([Figure 2](#fig2){ref-type="fig"}F). Next, we validated the target genes of Syn-miR-143s by using antagomiR-143. Treatment with the antagomiR-143 reversed the growth suppression of BC cells and the decrease in the levels of T-RAS, K-RAS, H-RAS, and RAS-related Erk and Akt elicited by the transfection with Syn-miR-143s ([Figure 2](#fig2){ref-type="fig"}G), which reversal was significant in the case of miR-143\#12/antagomiR-143 ([Figure 2](#fig2){ref-type="fig"}H). The treatment with antagomiR-143 alone did not affect the cell growth or the expression profiles examined (data not shown). These results altogether showed that Syn-miR-143s suppressed the proliferation of 253J-BV BC cells through the decreased expression of RAS isoform proteins (K-RAS and H-RAS), Erk, and Akt by RNAi.

To confirm how Syn-miR-143s affected the expression of RAS isoform genes in the cells, we examined the expression levels of each RAS isoform mRNA after the transfection. Importantly, the levels of RAS isoform mRNAs, such as those of K-RAS, H-RAS, and N-RAS, were markedly downregulated by the transfection with Syn-miR-143s ([Figure 3](#fig3){ref-type="fig"}A). Guanosine triphosphate (GTP)-RAS activates the protein kinase Raf, which then activates MEK (MEK1 and MEK2), a mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) Ras-Raf-MEK-ERK in BC cells,[@bib25] and GTP-RAS also activates the PI3K/AKT pathway, which was also proven to play a major role in bladder carcinogenesis.[@bib26], [@bib27] To examine the activation of RAS-related-signaling pathways PI3K/AKT and MAPK/Erk, we conducted signaling inhibitor experiments in which 253J-BV cells were incubated with an AKT inhibitor or MEK inhibitor to see their effect on the proliferation of the cells. As a result, cell proliferation was significantly suppressed by either inhibitor ([Figure 3](#fig3){ref-type="fig"}B). The levels of T-RAS, K-RAS, and H-RAS proteins and the activation of PI3K/AKT- and MAPK/Erk-signaling pathways were also downregulated in the case of the AKT or MEK inhibitor ([Figure 3](#fig3){ref-type="fig"}C). Interestingly, the expression of each RAS mRNA was markedly downregulated in either AKT or MEK inhibitor-treated cells ([Figure 3](#fig3){ref-type="fig"}D), as in the case of the transfection with Syn-miR-143s ([Figure 3](#fig3){ref-type="fig"}A). These results altogether showed that the effector-signaling pathways of PI3K/AKT and Raf/MEK/Erk positively regulated the expression of RAS isoform genes, which indicated the establishment of a positive circuit for RAS expression ([Figure 3](#fig3){ref-type="fig"}E).Figure 3Effects of AKT Inhibitor or MEK Inhibitor on the Proliferation and Expression of RAS and RAS-Related Genes(A) mRNA expression of each RAS isomer (K-RAS, H-RAS, and N-RAS) after transfection with miR-143\#1 (5 and 20 nM) or miR-143\#12 (2 and 10 nM). (B) Cell viability at 72 h after treatment with AKT inhibitor (0.2 and 1 μM) or MEK inhibitor (0.2 and 1 μM). (C) Levels of RAS and RAS-related proteins after treatment with AKT inhibitor (0.2 and 1 μM) or MEK inhibitor (0.2 and 1 μM). (D) mRNA expression of each RAS isomer (K-RAS, H-RAS, and N-RAS) after treatment with AKT inhibitor (0.2 and 1 μM) or MEK inhibitor (0.2 and 1 μM). (E) Schematic diagram showing the target genes of miR-143\#12 and its effects on RAS networks.

Next, we examined the contribution of RAS isoforms to the proliferation of 253J-BV cells by using small interfering RNAs (siRNAs) for K-RAS (siR-KRAS) and H-RAS (siR-HRAS). When 253J-BV cells were transfected with either siRNA, the ratio of cell viability was significantly decreased ([Figures 4](#fig4){ref-type="fig"}A and 4C), and the levels of RAS and RAS-related proteins were downregulated ([Figures 4](#fig4){ref-type="fig"}B and 4D). However, H-RAS protein levels were decreased even in the siR-KRAS-transfected cells ([Figure 4](#fig4){ref-type="fig"}B), whereas K-RAS protein levels were not decreased in the siR--HRAS-transfected ones ([Figure 4](#fig4){ref-type="fig"}D). Thus, both K-RAS and H-RAS would positively contribute to 253J-BV cell proliferation, but they independently affected it. Importantly, silencing of K-RAS significantly suppressed its effector-signaling molecules Akt and Erk and c-*myc* expression compared with the case of siR-HRAS.Figure 4Effects of Silencing K-RAS and H-RAS on Cell Growth and the Ras Networks and Targeting of SOS1 by miR-143\#12(A) Cell viability at 72 h after transfection with siR-KRAS (2, 5, and 10 nM). (B) Levels of RAS and RAS-related proteins at 72 h after transfection with siR-KRAS (2 and 5 nM). (C) Cell viability at 72 h after transfection with siR-HRAS (2, 5, and 10 nM). (D) Levels of RAS and RAS-related proteins at 72 h after transfection with siR-HRAS (2 and 5 nM). (E) Use of antagomiR-143 for the validation of silencing SOS1 by miR-143\#1 (left) or miR-143\#12 (right). (F) Active K-RAS-GTP is downregulated by treatment with miR-143\#12 through the silencing of SOS1. (G) Luciferase activities after co-transfection of 253J-BV cells with miR-143\#12 and pMIR vectors having the wild-type or mutant-type miR-143-binding site in the 3′ UTR of SOS1 mRNA.

Syn-miR-143s Silences SOS1 in BC Cells {#sec2.4}
--------------------------------------

SOS1 is a guanine nucleotide exchange factor (GEF) that facilitates RAS activation by catalyzing the release of guanosine diphosphate (GDP) from RAS.[@bib28], [@bib29] Previous reports showed a positive correlation between SOS1 high expression and several cancers, such as ovarian cancer[@bib30] and hepatocellular carcinoma.[@bib31] According to *in silico* prediction tool TargetScan, SOS1 has a miR-143-binding site in the 3′ UTR. Expectedly, the ectopic expression of Syn-miR-143s reduced the expression levels of SOS1; and, further, co-transfection with antagomiR-143 partially canceled the decrease elicited by each Syn-miR-143 ([Figure 4](#fig4){ref-type="fig"}E). Even when knocking down SOS1, mRNA expression levels of K-RAS, H-RAS, and N-RAS were downregulated in 253J-BV cells ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Also, each RAS and RAS-related proteins were decreased in these cells ([Figure S3](#mmc1){ref-type="supplementary-material"}C). These results are similar to miR-143 administration (shown as in [Figure 2](#fig2){ref-type="fig"}D). When 253J-BV cells were transfected with siR-SOS1, the ratio of cell viability was significantly inhibited ([Figure S3](#mmc1){ref-type="supplementary-material"}D). Western blot analysis of the clinical samples showed that, in 60% of cases tested, SOS1 expression levels were upregulated in the BC tumors compared with the normal tissue samples ([Figure S3](#mmc1){ref-type="supplementary-material"}E). Also, the ratio of GTP-K-RAS:Total K-RAS was significantly decreased in a dose-dependent manner by the transfection with miR-143\#12 (5 and 10 nM) ([Figure 4](#fig4){ref-type="fig"}F). Therefore, the 3′ UTR of SOS1 mRNA containing the miR---143-binding site was cloned into the downstream of the firefly luciferase gene in a reporter plasmid for use in the luciferase reporter assay. The activity of wild-type pMIR-SOS1 was significantly reduced after the introduction of miR-143\#12 into 253J-BV cells. In the case of the mutated SOS1 3′ UTR-binding site, the decrease in the luciferase activity in the wild-type was considerably abolished ([Figure 4](#fig4){ref-type="fig"}G).

Effect of miR-143/PIC Nanocarrier on Bladder Tumor Growth in Xenografted Mouse Model {#sec2.5}
------------------------------------------------------------------------------------

Polyionic copolymer (PIC) was prepared by mixing miR-143s (aniomer) with poly (ethylene glycol)-b-poly (ornithine) (block catiomer) ([Figure S4](#mmc1){ref-type="supplementary-material"}A)[@bib32]. To evaluate the effect of Syn-miR-143s delivered by the PIC nanocarrier (Syn-miR-143s/PIC) on bladder tumor growth in a xenografted mouse model, we transplanted 253J-BV cells into the back of each mouse. We injected Syn-miR-143s/Lipo or PIC intravenously into a mouse 4 times every 72 h ([Figure 5](#fig5){ref-type="fig"}A). A significant suppression of tumor growth was observed in both groups at a low dose of total, 210 μg/kg. miR-143\#1 seemed to be more potent in anti-tumor activity than did miR-143\#12. The PIC group was more effective at tumor suppression than the lipofectamine group in the case of miR-143\#12 ([Figure 5](#fig5){ref-type="fig"}A). No body weight loss was observed in any of the groups ([Figure 5](#fig5){ref-type="fig"}A).Figure 5*In Vivo* Xenografted Mouse(A) Comparison of the tumor volume and body weight with general administration of miR-143\#1(Lipo/PIC) or miR-143\#12(Lipo/PIC). (B) Tissue distribution of miR-143 in miR-143\#1(Lipo or PIC) and miR-143\#12(Lipo or PIC) groups. (C) Levels of miR-143 in tumor tissue samples of miR-143\#1(Lipo or PIC) and miR-143\#12(Lipo or PIC) groups. (D) Result of Ago2 loading assay using tumor samples from the miR-143\#12/PIC group. (E) Levels of RAS and RAS-related proteins in tumor samples from miR-143\#1(Lipo or PIC) and miR-143\#12(Lipo or PIC) groups. A representative expression profile is shown for each group. Control-miR/PIC is indicated as "control."

To confirm the level of miR-143 in each organ, including tumor, we performed RT-PCR ([Figure 5](#fig5){ref-type="fig"}B). As a result, PIC groups showed the highest blood levels of miR-143 among the groups tested. The levels of miR-143\#12 in the xenografted tumors were elevated, which would reflect the levels in the blood samples ([Figure 5](#fig5){ref-type="fig"}C). Especially, the miR-143\#12/PIC group showed more accumulation of miR-143 in the tumors compared with the other groups. To understand whether miR-143 delivered by PIC inhibited tumor growth through RNAi, we performed an Argonaute2 (Ago2) loading assay ([Figure 5](#fig5){ref-type="fig"}D). The result suggested that miR-143 was included into the RNA-induced silencing complex (RISC) at least in part by binding with Ago2 protein in the cells. Also, western blot analysis of the possible target proteins of miR-143 in samples from the treated tumors gave results similar to those obtained *in vitro* ([Figures 5](#fig5){ref-type="fig"}E and [2](#fig2){ref-type="fig"}D). The protein levels of T-RAS and RAS-related proteins were downregulated in all treated groups compared with those in the control group. Pathologically, lipofection caused hepatocyte toxicity, which was not observed in the case of PIC ([Figure S4](#mmc1){ref-type="supplementary-material"}B).

Effect of Intravesical Administration of miR-143\#12/PIC on Orthotopic Mouse Model {#sec2.6}
----------------------------------------------------------------------------------

To examine the growth-inhibitory effect of miR-143\#12 on the growth of bladder tumors *in vivo*, we used a mouse model bearing 253J-BV cell-xenografted tumors that was established by transplanting these cancer cells into the bladder wall of nude mice. miR-143\#12/PIC, which was more effective in intravenous administration experiments, was used. The mice were treated with miR-143\#12/Lipo or -143\#12/PIC, and the level of miR-143 was compared in some organs ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Based on the results, miR-143\#12 was delivered into the bladder cavity via the PIC nanocarrier, which proved to be safe and effective for general administration. As a result, miR-143\#12/PIC significantly inhibited the tumor growth, when compared with that for the control-miR/PIC group, and the mice treated with miR-143\#12/PIC showed almost 60% inhibition of tumor growth ([Figure 6](#fig6){ref-type="fig"}A; [Figure S4](#mmc1){ref-type="supplementary-material"}D). Kaplan-Meier plots showed that the treatment group showed a significantly prolonged animal survival when compared with the control-miR/PIC group ([Figure 6](#fig6){ref-type="fig"}B). The latter group showed remarkable weight loss compared with the former one ([Figure 6](#fig6){ref-type="fig"}C). There was an inverse correlation between the bladder weight and body weight (data not shown).Figure 6*In Vivo* Orthotopic Model Mouse(A) Changes in tumor weight after treatment with control-miR/PIC or miR-143\#12/PIC by intravesical injection. Approximately half of the mice were sacrificed, and the tumor weight was measured at around 30 days after the inoculation. Seven mice were assigned to each group. (B) Survival curves of miR-143\#12/PIC and control-miR/PIC groups. (C) Changes in body weight of control-miR/PIC and miR-143\#12/PIC groups. (D) Results of Ago2 loading assay using tumor samples from the miR-143\#12/PIC group. (E) Levels of RAS and RAS-related proteins in tumor samples from the miR-143\#12/PIC group. A representative protein expression profile estimated by western blot is shown. (F) Tissue distribution of miR-143 in the miR-143\#12/PIC group (blood, tumor, kidney, and liver).

We also performed the Ago2 loading assay to examine whether miR-143/PIC suppressed the tumor growth through RNAi in the tumor cells. As shown in [Figure 6](#fig6){ref-type="fig"}D, a significant amount of miR-143 was included into RISC, as observed in the case of general injection. Western blot analysis of protein samples from the treated tumors gave results similar to those of *in vitro* experiments. Namely, the levels of RAS and RAS-related proteins in the miR-143\#12/PIC group were decreased compared with those in the control-miR/PIC group, except for PI3K/AKT-signaling proteins ([Figure 6](#fig6){ref-type="fig"}E). To confirm the distributed levels of miR-143 in general organs as well as in tumors, we performed RT-PCR ([Figure 6](#fig6){ref-type="fig"}F). As expected, the treatment group of miR-143\#12/PIC showed the increased levels of miR-143 mainly in the bladder tumors and blood samples. Our findings suggested that our intravesical infusion of chemically modified miR-143\#12 would be a candidate of novel miRNA medicine for early BC.

Discussion {#sec3}
==========

In this study, we demonstrated that miR-143 was downregulated in the clinical BC samples and that there was a potent anti-cancer activity of the novel synthetic miR-143\#12 toward BC cell proliferation by systemic or intravesical infusion in 253J-BV cell-xenografted mice. The synthetic miR-143\#12 was selected among more than 100 kinds of miR-143 derivatives. cDNA microarray analysis indicated the similar profiles of the silenced genes after the transfection with each synthetic miR-143 used in this study (data not shown). Previously, we reported that miR-143\#12 downregulated K-RAS-signaling networks through silencing K-RAS, its effector-signaling molecules Erk and Akt, and K-RAS GDP/GTP transducer SOS1.[@bib20] In 253J-BV BC cells, both H-RAS and K-RAS are overexpressed and oncogenic. miR-143 silenced K-RAS directly and impaired the positive circuit of the RAS expression system (effector-signaling pathways of MAPK/Erk and PI3K/Akt transcription factor K-RAS and/or H-RAS).

We speculate that RTK mutations, such as those of EGFR and FGFR, would induce the overexpression of RAS in the downstream. Since miR-143\#12 also silenced Akt and Erk, which inactivated growth and survival-related transcription factors, miR-143\#12 could suppress the RAS-signaling networks, including the RAS-positive circuit, to inhibit cell proliferation along with apoptosis in BC cells. On the other hand, the inhibitors for MEK and Akt suppressed the mRNA levels of both K-RAS and H-RAS, which indicated the positive circuit of their expression. K-RAS would contribute to this positive circuit rather than H-RAS, because the silencing of K-RAS, but not that of H-RAS, induced inactivation of both effector-signaling pathways. Therefore, miR-143\#12, which extremely silenced K-RAS and its effector-signaling molecules Akt and Erk, as well as SOS1, could induce a potent anti-tumor effect with apoptosis in K-RAS-dominant 253J-BV BC cells, which reflected the induction of apoptosis in the case of K-RAS mutant T24 BC cells. Previously, we confirmed that ectopic expression of miR-143 induced the inhibition of cancer cell growth of BC through the regulation of cell cycle-associated genes.[@bib33] Of course, miR-143\#12 may have other anti-cancer mechanisms for BC cells.

We focused on the effect of miR-143\#12 by the intravesical infusion against orthotopic BC. As a result, the significant efficacy was obtained. Before, we reported the efficacy of miR-145 by intravesical infusion.[@bib34] In this present study, the novel synthetic miR-143\#12 as well as miR-145 also exhibited a potent anti-tumor activity against BC by intravesical infusion with a PIC carrier, which was more excellent in view of the miR-143 levels in the tumor and blood samples, as well as in terms of the anti-tumor activity estimated by western blot analysis of the tumor samples. Interestingly, our result suggested that the expression levels of miR-143 were highly expressed even in brain. Therefore, miR-143\#12/PIC may acquire the ability to pass the blood-brain barrier after taken by capillaries of xenografted tumor. Further investigation is required in order to qualify the ADMET (absorption, distribution, metabolism, excretion, and toxicity) of miR-143\#12. Also, the finding of a potent anti-tumor effect of miR-143\#12/PIC was shown in the H&E-stained tumor samples, as evidenced by severe tumor cell death with fibrosis ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4D).

As to the PIC groups, we did not obtain pathologically abnormal findings in the organs such as liver and kidney in the *in vivo* experiments ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4D). The cationic liposomes have been reported to be toxic to hepatocytes,[@bib35] which were also observed in our systemic treatment. In both *in vivo* studies, we were able to confirm the effect of miR-143\#12 through RNAi, as estimated by the result of the Ago2-binding assay using samples of xenografted tumors. It is considered that the PIC nanocarrier with a hydrodynamic diameter of more than 10 nm ([Figure S4](#mmc1){ref-type="supplementary-material"}A) can accumulate in the tumor, probably due to the enhanced permeability and retention (EPR) effect.[@bib32], [@bib36] In the case of intravesical administration, we consider that PIC-conjugated miR-143 was taken into blood through the transplanted intratumoral blood vessel; however, it is not clear whether this effect worked in our mouse model based on the data of the miR-143 tissue distribution in the blood and tumor tissues ([Figure 5](#fig5){ref-type="fig"}). Further validation of the anti-cancer effect of miR-143\#12, delivered by the PIC nanocarrier, on K-RAS-driven gastrointestinal cancers is now underway.

Conclusions {#sec3.1}
-----------

A novel chemically modified miR-143 systemically suppressed the RAS-signaling networks, including SOS1/RAS-, MAPK/Erk-, and PI3K/Akt-signaling pathways. In light of the therapeutic effect of systemic or intravesical administration seen *in vivo*, nucleic acid medicine using miR-143\#12 would be a novel strategy for treating RAS-driven BC.

Materials and Methods {#sec4}
=====================

Patients and Their Samples {#sec4.1}
--------------------------

All human samples were obtained from patients who had undergone biopsy or surgery for resection at Osaka Medical College Hospital (Takatsuki, Osaka, Japan). Informed consent in writing was obtained from each patient.

The consent and this study were reviewed and approved by the University Hospital Medical Information Network Center (approval R000027312), in accordance with the tenets of the Declaration of Helsinki. 20 patients with previously untreated BC or with recurrence after curative treatment were selected. The distribution according to other clinical parameters is shown in [Table 1](#tbl1){ref-type="table"}. Under a pathologist's supervision, all tissue sample pairs were collected from surgically resected tissues, with these paired samples being from the primary tumor and its adjacent non-tumor tissue in the same patient. These paired samples were examined by western blot analysis and real-time RT-PCR.

Cell Culture and Cell Viability {#sec4.2}
-------------------------------

Human BC 253J-BV cell line was obtained from the JCRB (Japanese Collection of Research Bioresources) Cell Bank. Cell line authentication was done by short-tandem-repeat (STR) analysis, which was performed by using primers for TH01, TPOX, vWA, amelogenin, CSF1PO, D16S539, D7S820, D13S317, D5S818, and D21S11 (GenePrint 10 System; Promega, Madison, WI, USA). The cells were cultured in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM L-glutamine, under an atmosphere of 95% air and 5% CO~2~ at 37°C. The number of viable cells was determined by performing the trypan blue dye exclusion test.

Transfection Experiments {#sec4.3}
------------------------

253J-BV cells were seeded into 6-well plates at a concentration of 0.5 × 10^5^/well (10%−30% confluence) on the day before the transfection. Three types of miRNA were used: the mature type of miR-143, which was a commercially available miR-143 from Ambion (mirVana miRNA mimic; Ambion, Foster City, CA, USA) (miR-143Am), and 2 types of synthetic miR-143s (Syn-miR-143s: miR-143\#1 and miR-143\#12). Basically, miR-143 was chemically modified in the guide strand of miR-143\#1, as shown in [Figure 2](#fig2){ref-type="fig"}A. All types of miR-143s were used for the transfection of the cells, which were achieved by using cationic liposomes, Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's lipofection protocol. The nonspecific control miRNA (HSS, Hokkaido, Japan) sequence was 5′-GUA GGA GUA GUG AAA GGC C-3′, which miRNA was used as a control for nonspecific effects.[@bib37]

In treatment experiments, the sequence of the siR-KRAS was 5′-CGG UCA UCC AGU GUU GUC AUG CAU U-3′ and that of siR-SOS1 was 5′-CGG CAU GUA CUA CAG GCC UGU UUA-3′. The effects manifested by the introduction of all types of miR-143, siR-KRAS, siR-HRAS, and siR-SOS1 into the cells were assessed at 72 h after the transfection. We used the same dose of Lipofectamine RNAiMAX in all transfection experiments.

Western Blot Analysis {#sec4.4}
---------------------

Protein extraction and western blotting analysis were performed as described in previous reports.[@bib38], [@bib39] The following primary antibodies were used: antibodies against c-Myc, p-AKT, AKT, p-ERK, ERK, PARP, and GAPDH (Cell Signaling Technology, Danvers, MA, USA); Total RAS (Abcam, Cambridge, UK); and K-RAS and H-RAS (Santa Cruz Biotechnology). Anti-rat, anti-rabbit, and horse anti-mouse immunoglobulin G (IgG) (Cell Signaling Technology) were used as secondary antibodies. GAPDH served as an internal control.

Inhibitor Experiments {#sec4.5}
---------------------

253J-BV cells were seeded into 6-well plates at a concentration of 0.5 × 10^5^/well (10%−30% confluence) on the day before the transfection. AKT inhibitor (Calbiochem, USA) and MEK inhibitor PD 98059 (Calbiochem, USA) were used for the transfection of the cells without a drug delivery system. The effects manifested by the introduction of the AKT inhibitor and MEK inhibitor into the cells were assessed at 72 h after the transfection. AntagomiR from Ambion (Anti-miR miRNA Inhibitors, Foster City, CA, USA) was used for the transfection of the cells, which was achieved by using cationic liposomes, Lipofectamine RNAi MAX (Invitrogen), according to the manufacturer's lipofection protocol.

Real-Time RT-PCR {#sec4.6}
----------------

Total RNA was isolated from cultured cells or tumor tissues by using a NucleoSpin miRNA isolation kit (TaKaRa, Otsu, Japan). RNA concentrations and purity were assessed by UV spectrophotometry. RNA integrity was checked by formaldehyde gel electrophoresis. To determine the expression levels of miR-143, we conducted qRT-PCR by using TaqMan MicroRNA Assays (Applied Biosystems) and THUNDERBIRD Probe qPCR Mix (TOYOBO,Osaka, Japan), according to the manufacturer's protocol. *RNU6B* was used as an internal control. For determination of the expression levels of *K-RAS*, *H-RAS*, *N- RAS*, *SOS1*, and *GAPDH* mRNAs, total RNA was reverse transcribed with a PrimeScript H RT reagent Kit (TaKaRa). RT-PCR was then performed with primers specific for them by using THUNDERBIRD SYBR qPCR Mix (TOYOBO). The primers for *K-RAS*, *H- RAS*, *N-RAS*, *SOS1*, and *GAPDH* were the following: *K-RAS*-sense, 5′-CCT GCT CCA TGC AGA CTG TTA-3′, and *K-RAS*-antisense, 5′-TGG GGA GAG TGA CCA TGA CT-3′; *H-RAS*-sense, 5′- TCA AAC GGG TGA AGG ACY CG-3′, and *H-RAS*-antisense, 5′-CTT CCT CCT CCT TCC GTC TG-3′; *N-RAS*-sense, 5′-GAA CCA AAC CGC AAA CGT GA-3′, and *N-RAS*-antisense, 5′-TCA AGC CCC TAT TGC TGT GG-3′; *SOS1*-sense, 5′-GGA GGA GTG TCC CAA TTT ATT AG-3′, and *SOS1*-antisense, 5′-TTT CAT TGG CTC ATG TAT AAG GG-3′; and *GAPDH*-sense, 5′-CCA CCC ATG GCA AAT TCC ATG GCA-3′, and *GAPDH*-antisense, 5′- TCT AGA CGG CAG GTC AGG TCC ACC-3′. *GAPDH* and *RNU6B* were used as internal controls. The relative expression levels were calculated by use of the ΔΔCt method.

Hoechst 33342 Staining {#sec4.7}
----------------------

253J-BV cells collected at 72 h after transfection were stained with Hoechst 33342. The details of the experimental protocol were given in a previous report.[@bib40] The apoptotic cells were observed.

Luciferase Reporter Assay {#sec4.8}
-------------------------

Searching the TargetScan 7.1 database (<http://www.targetscan.org/>) to find algorithm-based binding sites of miR-143, we found the predicted binding sites to be at positions 3,438−3,444 in the 3′ UTR of *SOS1* mRNA. The sequence region, containing the putative binding sequence of miR--143, was inserted into a pMIR-REPORT Luciferase miRNA Expression Reporter Vector (Applied Biosystems), according to the manufacturer's protocol. Moreover, we made another pMIRconstruct encompassing a mutated seed sequence for miR-143 (wild-type, CATCTCA; mutant, CAGACCA) by using a PrimeSTARH Mutagenesis Basal Kit (TaKaRa). The mutation of the vector was confirmed by sequence analysis. pRL-TK Renilla Luciferase Reporter vector (Promega, Madison WI, USA) was used as an internal control vector. 253J-BV cells were seeded into 96-well plates at a concentration of 0. 4 × 10^4^/well at 2 days before the transfection. 253J-BV cells were co-transfected with either reporter vector (0.01 mg/well each) or 20 nM miR-143\#12, co-transfection of which was achieved by using Lipofectamine RNAi MAX. Luciferase activities were measured at 48 h after co-transfection by using a Dual-Glo Luciferase Assay System (Promega), according to the manufacturer's protocol. Luciferase activities were reported as the firefly luciferase:Renilla luciferase ratio.

*In Vivo* Xenograft Model {#sec4.9}
-------------------------

Animal experimental protocols were approved by the Committee for Animal Research and Welfare of Gifu University (28-87, January 31, 2017). BALB/cSLC-nu/nu (nude) mice were obtained from Japan (Hamamatsu, Japan). Human BC 253J-BV cells, which have many gene mutations, were inoculated at 2.0 × 10^6^ cells/50 μL with Matrigel (Corning)/50 μL, the mixture being transplanted into the back of each mouse. The inoculation day was set as day 0. At 14 days after inoculation, we confirmed the engraftment of the tumors. miR-143s was administered in 2 formulations, except the control miRNA. In one formulation, Syn-miR-143s (\#1 and \#12; 250 μg/kg/1 administration) dissolved in 10 μL HEPES (1 mM) and 10 μL Opti-MEM was mixed with 1 μL Lipofectamine RNAi MAX (Invitrogen) and 80 μL saline and then injected 4 times every 72 h into a large vein. In the other formulation, Syn-miR-143s (\#1 and \#12; 250 μg/kg/1 administration) dissolved in 10 μL HEPES (1 mM) was mixed with 10 μL PIC comprising poly (ethylene glycol) and cationic poly (ornithine) dissolved in HEPES (25 mg/mL) and 80 μL NS (not significant) to prepare the PIC nanocarrier[@bib32] and then generally administered 4 times, once every 72 h. The tumor volume was calculated by the following formula: 0.5236 L1 (L2),[@bib2] where L1 is the long axis and L2 is the short axis of the tumor. Animal experiments in this study were performed in compliance with the guidelines of the Institute for Laboratory Animal Research of Gifu University and the UKCCCR Guidelines for the Welfare of Animals Used for Experimental Neoplasia. Y.A. was named in the approved experiment.

*In Vivo* Orthotopic Model {#sec4.10}
--------------------------

Human BC 253J-BV cells were implanted at 2.0 × 10^6^ cells/50 μL with Matrigel (Corning)/50 μL, with the mixture being transplanted into the bladder wall of female nude mice. Once tumors had developed (average weight 0.035 g after about 28 days), they were treated with 8 intravesical injections of miR-143. miR-143 was administered in 2 ways, except the control miRNA. One way was that Syn-miR-143s (\#12; 83 μg/kg/1 administration) complexed with 10 μL HEPES (1 mM) and 80 μL saline was delivered intravesically every other day. For the other administration, Syn-miR-143s (\#12; 83 μg/kg/1 administration) was mixed with the block copolymer to formulate the PIC nanocarriers as described above and then delivered 8 times intravesically every other day. After the administration, some mice were sacrificed at around 30 days after the inoculation of the cells, and the tumor weight was measured. Others were observed until they died from the disease after the treatments.

Statistics {#sec4.11}
----------

Each examination was performed in triplicate. Statistical differences between clinicopathologic parameters and the miR-143 level of tumor samples were evaluated by using Pearson's χ2 test or Fisher's extract test, unless otherwise specified. For *in vitro* and *in vivo* experiments, statistical significances of differences were evaluated by performing the two-sided Student's t test. The values were presented as the mean ± SD. A p value \< 0.05 was considered to be statistically significant. The effects of intravesical injection of miR-143\#12 on animal survival were evaluated by preparing Kaplan-Meier plots, with the survival duration analyzed for significance by performing log-rank survival analysis.
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[^1]: M, male; F, female; U, upregulation RAS expression level; D, downregulation of miR-143 relative ratio; grade 1, well-differentiated type carcinoma; grade 2, moderately differentiated type carcinoma; grade 3, poorly differentiated type carcinoma; pTa, papiloma non-invasive carcinoma; pT1, non-muscle-invasive carcinoma; pT2, muscle-invasive carcinoma; CIS, carcinoma *in situ*; Meta, metastasis.
